Despite the knowledge that gamma-aminobutyric acid A modulators can affect learning and memory, their capacity for disrupting each of these complex processes is rarely compared, and often mistakenly assumed to occur with identical potency. For these reasons, the effects of flunitrazepam (0.056-3.2 mg/kg), ethanol (0.25-1.5 g/kg), and ethyl-b-carboline-3-carboxylate (b-CCE; 1-17.8 mg/kg) were compared in groups of rats responding under baselines that assessed learning and memory separately. The first baseline was a multiple schedule of repeated acquisition and performance of tandem response sequences, whereas the second baseline was a retention or memory procedure where a tandem response sequence was acquired and then retested after a 30-min delay. Under both procedures, responding was maintained under a second-order fixed-ratio-2 schedule of food reinforcement, and incorrect responding (errors) produced a 5-s timeout. With regard to the effects of the three drugs on sequence acquisition (learning), all three drugs dose dependently decreased the overall response rate and increased the percentage of errors. Both flunitrazepam and b-CCE affected accuracy more potently than response rate, whereas ethanol was equipotent in affecting these two dependent measures. With regard to the effects of these drugs on sequence retention (memory), both flunitrazepam and ethanol dose dependently decreased retention at doses that had little or no effect on sequence acquisition under the multiple schedule, whereas b-CCE decreased retention and sequence acquisition similarly at the doses tested. Together, these data show that drugs with differing capacities for altering the function of gamma-aminobutyric acid A receptors differ in their capacity for disrupting the acquisition and retention of response sequences and that positive modulation of this receptor complex may be more predictive of disruptions in memory than disruptions in learning.
Despite the knowledge that gamma-aminobutyric acid A modulators can affect learning and memory, their capacity for disrupting each of these complex processes is rarely compared, and often mistakenly assumed to occur with identical potency. For these reasons, the effects of flunitrazepam (0.056-3.2 mg/kg), ethanol (0.25-1.5 g/kg), and ethyl-b-carboline-3-carboxylate (b-CCE; 1-17.8 mg/kg) were compared in groups of rats responding under baselines that assessed learning and memory separately. The first baseline was a multiple schedule of repeated acquisition and performance of tandem response sequences, whereas the second baseline was a retention or memory procedure where a tandem response sequence was acquired and then retested after a 30-min delay. Under both procedures, responding was maintained under a second-order fixed-ratio-2 schedule of food reinforcement, and incorrect responding (errors) produced a 5-s timeout. With regard to the effects of the three drugs on sequence acquisition (learning), all three drugs dose dependently decreased the overall response rate and increased the percentage of errors. Both flunitrazepam and b-CCE affected accuracy more potently than response rate, whereas ethanol was equipotent in affecting these two dependent measures. With regard to the effects of these drugs on sequence retention (memory), both flunitrazepam and ethanol dose dependently decreased retention at doses that had little or no effect on sequence acquisition under the multiple schedule, whereas b-CCE decreased retention and sequence acquisition similarly at the doses tested. Together, these data show that drugs with differing capacities for altering the function of gamma-aminobutyric acid A receptors differ in their capacity for disrupting the acquisition and retention of response sequences and that positive modulation of this receptor complex may be more predictive of disruptions in memory than disruptions in learning. Behavioural Pharmacology 20:33-44 c 2009 Wolters Kluwer Health | Lippincott Williams & Wilkins.
Introduction
Benzodiazepines are often prescribed clinically to relieve anxiety, promote sleep, induce anesthesia, and treat signs and symptoms associated with ethanol withdrawal. However, depending upon their indication, some of the effects of the benzodiazepines are considered to be adverse and limit their clinical utility (Chouinard, 2004) . For example, the anterograde amnestic effects of the benzodiazepines are viewed as beneficial in the context of a variety of minor invasive procedures that require conscious sedation such as third molar extraction (Loeffler, 1992; Sarasin et al., 1996) or routine endoscopic procedures (Reves et al., 1985) , but they are viewed as adverse effects in the context of most outpatient indications such as insomnia (Roehrs et al., 1983) or anxiety (Barbee, 1993) . Therefore, the capacity of the benzodiazepines to produce specific disruptions in complex processes such as learning and memory must be balanced with their wide-ranging clinical utility, and this has also been true for other positive gammaaminobutyric acid A (GABA A ) modulators (e.g. the barbiturates; Moerschbaecher and Thompson, 1980) . Recent experimental comparisons between the classes of drugs that positively modulate the GABA A receptor have provided evidence that there may be important differences among them in terms of their capacity for disrupting complex behavioral processes, and that modulation of GABA A receptors through the various allosteric sites is not identical (cf. Gerak et al., 2004) .
The purpose of this study was to determine whether learning and memory in rats was equally sensitive to the effects of three drugs with varying capacities for modulating the GABA A receptor complex. The three drugs were flunitrazepam, ethanol, and ethyl-b-carboline-3-carboxylate (b-CCE). Both flunitrazepam and ethanol are considered to be positive GABA A modulators that act at distinct sites (Suzdak et al., 1986; Klein et al., 1995; Grobin et al., 1998) .
These two drugs, which are representative of the benzodiazepines and alcohols, respectively, were also chosen because of the interesting differences and similarities that occur between these classes of drug. For example, benzodiazepines can produce ethanol-lever responding in rats trained to discriminate ethanol, but ethanol does not necessarily produce benzodiazepinelever responding (De Vry and Slangen, 1986) . Benzodiazepines are also the current drugs of choice for treating ethanol withdrawal and for prevention of alcohol withdrawal seizures, largely because cross-dependence can occur between these two classes of CNS depressant (for review see Ref. McKeon et al., 2008) . In contrast, the b carboline b-CCE binds to the benzodiazepine site on the GABA A receptor complex, but it is considered to be an inverse agonist at this site or a negative modulator of the GABA A receptor complex (Auta et al., 1997) .
To assess the capacity of each of these drugs to disrupt learning and memory, responding under two procedures involving a repeated-acquisition technique (Boren, 1963) was used with different groups of rats. The first procedure was a multiple schedule of repeated acquisition and performance of tandem response sequences, which assayed learning in one component by reinforcing subjects to acquire a different sequence of responses each session and assayed performance in a second component by reinforcing responding on a sequence of responses that remained the same across sessions (e.g. Daniel et al., 2002) . The second procedure assayed memory processes by requiring subjects to acquire a sequence of responses and then within that same session repeat that sequence of responses after a 30-min delay. A delay of this duration has been shown to produce high levels of retention for response sequences and to be sensitive to drug-induced disruptions in monkeys (Thompson et al., 1986) and rats (unpublished observations). The sequence to be retained (remembered) was changed each session (Thompson et al., 1986; Savage et al., 1996) . Under both procedures, responding was maintained under a second-order fixedratio (FR)-2 schedule of food reinforcement, and incorrect responding (errors) produced a 5-s timeout. One advantage of these procedures, in particular, is that both have been used in animals and humans to characterize the effects of a variety of drugs on learning and memory (e.g. Desjardins et al., 1982; Auta et al., 1995; Pakarinen and Moerschbaecher, 1995; Savage et al., 1996) .
Methods

Subjects
Thirty-five adult male Long-Evans rats served as subjects. Eighteen were used to establish dose-effect curves with flunitrazepam on each of the two procedures (i.e. n=9 for the multiple schedule and n=9 for the retention procedure), whereas 17 were used to establish the dose-effect curves for ethanol and b-CCE on each procedure (i.e. n=10 for ethanol and n=8 for b-CCE under the multiple schedule, and n=7 for each drug under the retention procedure). Subjects were housed singly in a colony room in polypropylene rodent cages containing hardwood chip bedding. The colony room was maintained at 21 ± 21C with 50 ± 10% relative humidity on a 14L : 10D light/dark cycle (lights on 06.00 h; lights off 20.00 h). Rats earned 45-mg food pellets (Research Diets Inc., New Brunswick, New Jersey, USA) during the experimental sessions, and, when necessary, were provided with standard rodent chow (Rodent Diet 5001, PMI Inc., Brentwood, Missouri, USA) in their home cage after the test sessions to maintain them at 85-90% of their free-feeding weight. Water was freely available to all animals in their home cage. These studies were carried out in accordance with the Institutional Animal Care and Use Committee of the Louisiana State University Health Sciences Center and the guidelines of the Committee on Care and Use of Laboratory Animal Resources, as adopted and promulgated by the US National Institutes of Health.
Apparatus
Nine identical modular test chambers (Coulbourn Instruments, Allentown, Pennsylvania, USA, Model E10-10TC) configured specifically for rodents were used. Located on the front wall of each chamber were a houselight, auditory feedback relay, pellet trough (5.5 cm above the floor and centered), and three response keys aligned horizontally (8 cm apart, center to center, and 14.5 cm above the floor). Each response key could be illuminated by a miniature 28ESB indicator lamp (General Electric Company, Cleveland, Ohio, USA) with a yellow plastic cap. Response keys required a minimum force of 0.15 N for activation and correct responses produced an audible click of the feedback relay. Each chamber was enclosed within a sound-attenuating cubicle equipped with a fan for ventilation and for masking extraneous sounds. All test chambers were connected to a computer programmed in MED-PC for Windows, Version IV (MED Associates Inc., St. Albans, Vermont, USA), and to cumulative recorders (Gerbrands, Arlington, Massachusetts, USA) located within the same room.
Procedures
Multiple schedule of repeated acquisition and performance of tandem response sequences
Preliminary training for the repeated-acquisition tasks included magazine training, shaping of the response (nose press), and reinforcing responses on individually illuminated keys after shaping. To train repeated acquisition, all three response keys were illuminated with yellow light, but only one of the three response keys was correct for a particular session and each response emitted on that key resulted in the delivery of a food pellet. Responding on either of the other two illuminated keys was considered an error and resulted in a 5-s timeout during which the key lights were extinguished and responding had no programmed consequence. For each additional session during this stage of training, the position for the correct response was varied in a mixed order. After rats reliably acquired this task, regardless of the key position, a second response was added to create a sequence of responding such that two correct responses were necessary to obtain a food pellet. This type of sequential responding is procedurally defined as a 'tandem' sequence, because the same stimuli (yellow) were correlated with each response in the sequence (Thompson, 1970) ; however, the position for the correct responses varied both within the two-response sequence and across sessions. A third and fourth response were added to the sequence when stable responding was obtained under the two-response tandem sequence. When response rates and the percentage of errors did not vary by more than ± 20 or ± 10% of the mean, respectively, for 10 consecutive sessions, acquisition of the four-response tandem sequences was considered stable, and a second component was added to the schedule so that subjects responded under a multiple schedule of repeated acquisition and performance of response sequences.
During the acquisition components under the multiple schedule, the three response keys were illuminated at the same time with yellow light. As described above, responding on the correct key in the presence of that stimulus changed the position for the next correct response. When the response sequence was completed by emitting four correct responses, the key lights were extinguished and the stimulus light in the pellet trough was illuminated for 0.4 s. Subsequently, the response keys were illuminated again with yellow stimuli and the sequence was reset. Within a given session, the correct responses that were associated with the yellow stimuli did not change, and the same sequence (e.g. centerleft-right-center or CLRC) was repeated during all acquisition components of a given session. Responding on this sequence was maintained by food presentation under a second-order FR-2 schedule such that every second completion of the sequence resulted in the presentation of a 45-mg food pellet. When rats responded on an incorrect key (in the example, the left or right key when the center was correct), the error was followed by a 5-s timeout. An incorrect response did not reset the four-response sequence (i.e. the position of the correct response was the same before and after a timeout).
To establish a steady state of repeated acquisition, the sequence was changed from session to session. An example of a typical set of sequences for five consecutive sessions was right-left-center-left (RLCL), LCRC, CRLR, RCRL, and CLCR. The sequences were carefully selected to be equivalent in several ways and there were restrictions on their ordering across sessions (Thompson, 1973) . Briefly, 17 four-response sequences were arranged in a specific order and presented to each subject one after another until the list was completed. Once completed, the same list of sequences was presented again. In this list, each of the 17 sequences occurred three to five times and adhered to the other restrictions on their ordering (i.e. adjacent positions within a sequence were different from day to day and no position within a sequence was duplicated across days). This eliminated sequence presentations such as RRCL and sequence ordering such as RLCR followed by CLRC where the second response in the sequence would be 'left', across days. Thus, each subject was exposed to a given sequence three to five times every 61 test sessions.
During performance components, the response keys and the houselight were illuminated. The houselight served as a discriminative stimulus for responding during this component, and unlike the acquisition component, the sequence in this component remained the same from session to session (i.e. LCLR) and its use was restricted to this component. In all other aspects (yellow stimuli for each response in the sequence, second-order FR-2 schedule of food presentation, 5-s timeout, etc.), the performance components were identical to the acquisition components. Experimental sessions always began with an acquisition component, which then alternated with a performance component after 34 reinforcers or 20 min, whichever occurred first. Each session terminated after 200 reinforcers or 100 min, whichever occurred first. Throughout testing, sessions were generally conducted 6 days per week, Monday through Saturday.
Retention of tandem response sequences
In this procedure, each session was composed of three phases: acquisition, delay, and retention test. Training for this procedure was similar to the training for responding under the multiple schedule in that subjects were first exposed to magazine training, shaping of the response (nose press), and reinforcing responses on individually illuminated keys after shaping. Then, all of the subjects were trained to acquire a four-response tandem sequence in which all three response keys were illuminated with yellow light. As in the above procedure, acquisition of each four-response tandem sequence was maintained by food presentation under a second-order FR-2 schedule of reinforcement, and errors produced a 5-s timeout, but did not reset the sequence. During the acquisition phase of this procedure, however, subjects were required to meet an acquisition criterion in which they had to complete seven sequences without any errors (i.e. emit 28 consecutive correct responses) within 45 min. Otherwise, the session ended. This 45-min time limit for acquisition in the retention task was included to prevent opportunities for 'overlearning', which can increase retention above control levels and modulate drug effects (cf. Thompson et al., 1986 ). If the criterion was met before 45 min elapsed, the key lights were turned off and a 30-min delay phase ('retention interval') began. After the delay, the response keys and the houselight were illuminated for a 30-min retention test. In this procedure, the houselight served as a discriminative stimulus for the test of retention. Similar to the acquisition phase, responding during the retention test was maintained by food presentation under a second-order FR-2 schedule of reinforcement, and errors produced a 5-s timeout, but did not reset the sequence. In summary, the subject acquired a sequence in the acquisition phase, and after a delay of 30 min, the subject responded on the same tandem sequence during retention test.
Drug administration
Flunitrazepam (Sigma-Aldrich Corp., St. Louis, Missouri, USA) was dissolved in a vehicle consisting of ethanol (20%), saline (40%), and propylene glycol (40%), whereas b-CCE (Sigma-Aldrich Corp.) was dissolved in a vehicle of saline (33%), emulphor (33%), and ethanol (33%). Except for the largest dose of b-CCE, which had to be administered in a larger volume because of poor solubility, the injection volume for flunitrazepam, b-CCE, and their respective vehicles was 0.1 ml/100 g body weight. To determine the dose effects for ethanol, it was always diluted to a 20% (v/v) solution with sterile saline, and the injection volume varied accordingly for each dose; control (saline) injections matched these various volumes. Injections for all three drugs were administered intraperitoneally 15 min before the start of the session or 15 min before the retention test. All the dosages for a given drug were administered in a mixed order on Tuesdays and Fridays throughout behavioral testing. However, to avoid the development of acute tolerance or any 'carry over' effects, the highest doses of each drug were administered only once per week. A drug-free period of approximately 10 days also occurred between drugs. Saline or vehicle (control) injections were administered on Thursdays. Baseline sessions (no injections) occurred on the remaining days.
Data analysis
The data collected for both behavioral procedures were analyzed in terms of: (i) the overall response rate (total responses/min, excluding timeouts) and (ii) the overall accuracy, expressed as the percentage of errors [(incorrect responses/total responses) Â 100]. However, when the response rate was less than 5 responses per min, data were excluded from the analyses for percent errors because of the small number of responses emitted. Retention was quantified under the retention procedure using a percent savings measure. Percent savings was calculated by subtracting the errors-to-criterion (ETC) during the retention test from the ETC during the acquisition phase, and then expressing this difference as a percentage of the ETC in the acquisition phase. For example, if a subject made 200 errors before the acquisition criterion was met, but made only 50 errors before the same criterion was met in the retention test, the percent savings would be 75 [i.e. (200-50/ 200 ) Â 100]. If there was no retention, then ETC in the retention test would be equal to, or greater than, the ETC in the acquisition phase; thus, the percent savings would be 0 (any negative values were considered to be zero retention as well).
The mean data for each subject were grouped and analyzed statistically for an effect of each drug treatment using a one-way ANOVA with repeated measures (Sigma Stat Statistical Software, SYSTAT Software Inc., Point Richmond, California, USA). Holm-Sidak post-hoc tests were used to compare drug sessions with control (saline or vehicle) sessions. Significance was accepted at a level r 0.05 for all statistical tests. In addition to these measures based on session totals, within-session changes in responding were monitored by a cumulative recorder and computer. For example, acquisition of a response sequence under the multiple schedule procedure was indicated by within-session error reduction, that is, a decrease in the number of errors between food presentations as the session progressed.
Results
Multiple schedule
Stable responding in both components of the multiple schedule was evident for all subjects during the baseline sessions that preceded drug administration. In addition, the daily pattern of responding of each subject in the acquisition components was characterized by a steady state in terms of within-session error reduction, which was indicated by a distinct decrease in the number of errors and concomitant increase in consecutive correct completions of the response sequence.
The overall response rates were also comparable in both components of the multiple schedule after control (saline or vehicle) injections for each drug, although some variation was evident ( Fig. 1 ). More specifically, the mean rates of responding in the acquisition components after control injections for flunitrazepam, b-CCE, and ethanol were 61, 57.6, and 78 responses per minute, respectively, whereas the mean rates of responding in the performance components after control injections for each drug were 48, 50.7, and 66.2 responses per minute, respectively. With regard to the accuracy of responding, the percentage of errors was higher in the acquisition components than in the performance components after the administration of either saline or vehicle (filled and unfilled circles above C). For example, the mean percentages of errors in the acquisition components under control conditions for flunitrazepam, b-CCE, and ethanol were 17.9, 24.5, and 24.1, respectively, whereas the mean percentages of errors in the performance components under the control conditions for each drug were 5.7, 8.9, and 11.4, respectively.
Compared with control conditions where either saline or vehicle was administered, flunitrazepam, b-CCE, and ethanol produced significant dose-dependent decreases in overall rates of responding in the acquisition [F(9,39)=21.61, P < 0.001; F(7,39)=13.66, P < 0.001; F(8,62)=14.18, P < 0.001, respectively] and performance [F(9,39)=18.19, P < 0.001; F(7,39)=12.223, P < 0.001; F(8,62)=5.70, P < 0.001] components. After the largest doses of each drug were administered, responding in both components decreased by more than 50% of the control rate to approximately 20 responses per minute. All three drugs also produced significant increases in errors in both the acquisition [F(9,36)=9.63, P < 0.001; F(7,35)=14.61, P < 0.001; F(8,61)=17.53, P < 0.001] and performance [F(9,35)=25.47, P < 0.001; F(7,35)=7.14, P < 0.001; F(8,61)=23.85, P < 0.001] components, with the largest dose for each drug increasing the percentage of errors nearly two fold in both components. Thus, all three drugs produced dose-dependent rate-decreasing and errorincreasing effects. There were, however, some differences among the drugs in their capacity for disrupting responding. For example, ethanol only disrupted response rate and the percentage of errors at the largest dose tested (1.5 g/kg), and this dose had comparable effects in the two components. Flunitrazepam increased the percentage of errors in the acquisition component at a dose that was two-fold smaller than the dose required to increase errors in the performance component. In the acquisition component, for example, error-increasing effects of flunitrazepam Unfilled triangles represent mean data from the delayed-retention phase of that procedure. Error bars represent ± SEM. Any points without error bars indicate instances in which the SEM is encompassed by the data point. Data points and error bars above 'C' indicate the mean and SEM for control sessions in which either saline or vehicle was administered. Asterisks reflect doses that were significantly (a r 0.05) different from control as determined by Holm-Sidak post-hoc tests. The numbers in parentheses adjacent to some data points indicate cases where the data represented by that point is less than the total number of subjects for that group (e.g. when the rate was below 5 responses per minute for an individual subject, the percentage of errors could not be calculated for that subject).
Drug effects on acquisition and retention Leonard et al. 37 were evident at doses of 0.56 mg/kg and higher, whereas doses of 1 mg/kg or higher increased errors in the performance component. Furthermore, flunitrazepam disrupted accuracy in both components before decreasing the overall response rate, indicating some differential sensitivity of these measures to the effects of this drug. b-CCE also disrupted the accuracy of responding before decreasing the overall response rate, but not nearly to the same extent as flunitrazepam.
Retention procedure
The data plotted in Fig. 1 for this Although the disruption of retention after ethanol administration was significant at doses larger than 0.5 g/kg, the magnitude of its disruptive effects are probably best exemplified by the effects obtained after the 1-g/kg dose, where percent savings for the group decreased from 80% under control conditions to 0%, response rate decreased from 64.7 to 10.6 responses per minute, and the percentage of errors increased from 12.7 to 58.9%. Thus, in terms of their effects on retention, and in comparison with their effects on responding under the multiple schedule, flunitrazepam was the most disruptive and b-CCE was the least disruptive. Ethanol was far more disruptive of retention than b-CCE, but was not as selectively disruptive to sequence acquisition as flunitrazepam, in that flunitrazepam disrupted sequence acquisition under the multiple schedule more potently than it disrupted response rate in the acquisition components or responding in the performance components.
In contrast, only the highest dose of ethanol (1.5 g/kg) disrupted sequence acquisition under the multiple schedule and this dose was equally potent in disrupting response rate and accuracy in both the acquisition and performance component.
The within-session effects of flunitrazepam, b-CCE, and ethanol on responding under the retention procedure in three different subjects are shown in Fig. 2 . Each of the doses of drug depicted under this procedure is the dose that produced the maximum effect on retention (Fig. 1) for the group. As shown in the top record, when saline was administered 15 min before the delay phase terminated, retention of the acquired sequence was unimpaired (i.e. the subject met the criterion of 7 errorless sequences shortly after the start of the retention test and after committing only two errors). In contrast, when 0.32 mg/kg of flunitrazepam was administered 15 min before the delay phase terminated, retention was substantially impaired, as the time and numbers of ETC were almost the same for the initial acquisition and the retention test (i.e. 111 and 113, respectively). In other words, this subject essentially had to re-acquire the sequence after flunitrazepam administration. Unlike the effects of flunitrazepam, the 10-mg/kg dose of b-CCE produced only a small disruption of retention compared with vehicle administration. As shown by the record in the fourth row, the time and number of ETC were larger than for vehicle, but these increases were negligible for this subject. The effects of 1 g/kg of ethanol were substantially larger, in that this dose decreased retention and overall response rate, and increased errors. Compared with saline administration, ethanol produced a marked reduction in the number of correct sequence completions and a high error rate throughout the retention phase.
Some of the within-session effects on responding under the multiple schedule of repeated acquisition and performance are shown for each drug in the cumulative records of responding in Fig. 3 . Each of the doses of drug to be compared under this procedure is the dose that produced the maximum effect on retention and closely represented the overall effects shown in Fig. 1 . The top two records compare the effects of a vehicle injection with a 0.32-mg/kg dose of flunitrazepam in subject PR267, whereas the bottom three records compare a vehicle injection with 10 mg/kg of b-CCE and 1 g/kg of ethanol in subject PR240. When vehicle or saline was administered, a similar withinsession pattern of responding was obtained, and in each case, this pattern was comparable with that obtained during sessions when these subjects did not receive injections (not shown). More specifically, these subjects typically acquired the four-response tandem sequence for each session over the course of the two initial acquisition The within-session pattern of responding when flunitrazepam, ethyl b-carboline-3-carboxylate (b-CCE), or ethanol was administered 15 min before the retention test of a delayed retention procedure in PR200, PR124, and PR122, respectively. Each record shown represents a session that consisted of three phases that occurred in the following order: acquisition, delay, and retention. In both the acquisition (A) and retention (R) phases, the response pen stepped upward with each correct response and deflected downward after the four-response tandem sequence was completed. The response pen reset when the criterion was met (acquisition and retention test), at the top of the page, or at the end of a phase. The black arrows are another indication of when the criterion was met during the retention phase. Errors in the acquisition and retention phases were indicated by the downward deflection of the event pen (below each record). The two numbers after the acquisition and retention phases and in line with the stepping pen and event pen indicate the total number of correct and incorrect responses that occurred during that phase, respectively. The maximum duration for the acquisition and retention phases was 45 and 30 min, respectively. ETC, errors to criterion. the within-session pattern of responding. In contrast, both 10 mg/kg of b-CCE and 1 g/kg of ethanol decreased response rates and increased errors in each component in PR240. As evident by the examination of cumulative records, the transition to more errorless responding was slowed in the acquisition components and there was an increase in the error rate in both the acquisition and performance components. The within-session disruptions in responding were also somewhat different from each other, in that the effects on responding tended to be more uniform across components after ethanol administration than after b-CCE administration. Compared with the effects of ethanol in this subject, b-CCE administration produced larger error-increasing effects in the acquisition components and larger effects at the beginning of the session, as indicated by the decrease in the number of correct responses in the initial acquisition component.
Discussion
In this study, flunitrazepam, b-CCE, and ethanol were administered to groups of rats to assess their effects on the acquisition of a tandem response sequence and on the retention of a tandem response sequence. Administering these drugs in rats responding under both repeatedacquisition procedures provided a valuable means for comparing the capacity of each GABA A modulator to disrupt learning and memory processes. For example, flunitrazepam was more potent at disrupting the accuracy of responding than the rate of responding under the multiple schedule, and more potently disrupted the retention of an acquired sequence than the acquisition of a response sequence. In contrast, the potency of ethanol for disrupting the rate and accuracy of responding under the multiple schedule was similar, in that only the highest dose disrupted both dependent measures, yet its relative potency for disrupting retention of a response sequence was greater and more graded than its potency for disrupting the acquisition of a response sequence. b-CCE disrupted responding under the multiple schedule similar to flunitrazepam, but produced only a small, significant disruption of retention compared with flunitrazepam and ethanol.
The fact that different modulators of the GABA A receptor complex can produce different effects on responding under the multiple-schedule procedure, and across procedures, is fairly well established. Flunitrazepam and other benzodiazepines have been shown to decrease overall response rate and increase the percentage of errors in both the acquisition and performance components of a multiple schedule (e.g. Winsauer et al., 1996; Gerak et al., 2004) . Many benzodiazepines, particularly the triazolosubstituted benzodiazepines, have also been shown to disrupt accuracy more potently than response rate, and to produce these types of selective effects more potently in the acquisition components than in the performance components in monkeys (Auta et al., 1995) and humans (Bickel et al., 1990) . This was true for flunitrazepam in this study. Doses of 0.56 and 1 mg/kg produced small increases in percent errors, but had no significant effect on response rate in the acquisition components until 1.8 mg/kg. Likewise, accuracy of responding in the acquisition components was disrupted at doses lower than those that disrupted responding in the performance components, as the first dose to significantly disrupt accuracy in this component was 1 mg/kg.
As mentioned above, ethanol did not show the same differential potency for disrupting rate and accuracy of responding in each component of the multiple schedule, nor did it show the same differential potency for disrupting responding in the acquisition and performance components. More specifically, a dose of 1.5 g/kg produced a substantial decrease in overall response rate and a small, significant increase in the percentage of errors in both components of the multiple schedule. Thus, although ethanol shares many effects with other positive GABA A modulators (Grobin et al., 1998) , and has been shown to affect chloride flux (Suzdak et al., 1986) , there are important differences among the different classes of positive modulators. For example, both benzodiazepines and ethanol enhance GABA-induced chloride conductance; however, ethanol has effects at a variety of other ion channels (Crews et al., 1996) and this could translate directly to differences in their effects on rate and accuracy of responding. To what extent the differences observed between ethanol and flunitrazepam can be attributed to their different pharmacodynamic interactions with the GABA A receptor complex is unclear, especially because ethanol, similar to some of the neuroactive steroids, has been shown to have effects at receptors other than the GABA A receptor complex (for review see Crews et al., 1996) . For example, both ethanol and neuroactive steroids have been shown to have behavioral effects that are also mediated by N-methyl-Daspartate (NMDA) receptors (e.g. Grant, 1994; Engel et al., 2001) . With the neuroactive steroids, however, there is at least some evidence that their interaction with the GABA A receptor complex is more potent than their interaction with NMDA receptors as it relates to the ratedecreasing and error-increasing effects of these drugs on responding under a multiple schedule involving both repeated acquisition and performance components (Gerak et al., 2004) . A similar interaction study where ethanol is administered with both positive GABA A modulators and NMDA receptor antagonists is needed to show that the interaction of ethanol with the GABA A receptor complex is more potent than its interaction with NMDA receptors.
Although b-CCE produced both rate-decreasing and error-increasing effects in rats responding under the multiple schedule, and affected accuracy of responding before affecting the rate of responding in the acquisition component (effects shared with flunitrazepam), b-CCE is a negative modulator of the GABA A receptor complex because of its ability to decrease chloride influx through the benzodiazepine site (Obata and Yamamura, 1986; Malatynska et al., 1989) . The fact that b-CCE negatively modulates the GABA A receptor complex also suggests that it should have behavioral effects that are opposite to those of the positive modulators (Stephens and Sarter, 1988) . For example, positive GABA A modulators produce sedation and are anticonvulsant, whereas negative GABA A modulators produce insomnia and are convulsant (Venault et al., 1986) . Consistent with this relationship, positive GABA A modulators have been shown to disrupt the acquisition of behavioral tasks in numerous species, including humans (Bickel et al., 1990) , whereas the negative modulators have been shown to enhance acquisition and retention in certain behavioral tasks in several species (e.g. Venault et al., 1986; Mayo et al., 1992) . With regard to their effects on repeated-acquisition procedures, however, the negative modulators have so far been shown only to be disruptive to responding (Auta et al., 1997; Campbell et al., 2004) . For example, in squirrel monkeys responding under two different repeated-acquisition procedures (one involving tandem stimuli similar to the present study, and another involving 'chain' stimuli), three negative GABA A modulators (b-CCE, b-CCM and FG-7142) decreased overall response rate and increased percent errors in a manner similar to the positive modulator triazolam (Campbell et al., 2004) . The findings of that study with squirrel monkeys and the findings of this study with rats broaden the generality of the disruptive effects obtained with the negative modulators on repeated-acquisition behavior and suggest that species differences do not explain the contrasting behavioral results reported with negative modulators.
Another finding from this study that was consistent with earlier studies involving nonhuman primates was the finding that a benzodiazepine (flunitrazepam) could disrupt the retention of an acquired sequence and that the magnitude of the disruption depends on the efficacy for positively modulating the GABA A receptor complex. In a study by Auta et al. (1995) , for example, 0.32 mg/kg of triazolam administered half-way through a 60-min delay virtually eliminated retention of a conditional discrimination in patas monkeys. In addition, two low-efficacy positive modulators, imidazenil and bretazenil, decreased retention after a 60-min delay by 40-50% at doses that had little or no effects on response rate and the percentage of errors. Interestingly, in this study by Auta et al. (1995) , both imidazenil and bretazenil were able to antagonize the memory-disrupting effects of triazolam, a full positive allosteric modulator, at doses that had no effect on response rate, percent savings, or percent error. A study by Pakarinen et al. (1996) involving squirrel monkeys also indicated how efficacy as a positive modulator is required to disrupt memory processes. Using a similar baseline to the one used in this study, these investigators administered convulsants such as strychnine and pentylenetetrazole that directly inhibit the GABA A receptor complex and found that they had no effect on retention compared with triazolam when they were administered immediately after acquisition of the sequence or 24 h before retention. Therefore, one of the conclusions of the study by Pakarinen et al. (1996) was that these convulsants drugs, which inhibit the chloride influx through the GABA A receptor complex, neither enhanced nor disrupted memory in squirrel monkeys responding under this memory task involving repeated acquisition at subconvulsant doses.
Regarding this study involving rats, the positive allosteric modulator flunitrazepam dose dependently disrupted retention at doses that had no effects on either response rate or percent errors, whereas the negative allosteric modulator b-CCE only decreased retention by approximately 20% at the highest dose administered (10 mg/kg) and this dose also increased the percentage of errors in rats responding under the multiple schedule procedure.
Higher doses of b-CCE were not administered to rats responding under the delayed-retention procedure because only four of seven subjects responding under the multiple schedule had a response rate large enough after 18-mg/kg dose to allow for the calculation of the percentage of errors (i.e. a response rate greater than 5 responses per minute). Thus, consistent with the results obtained with nonhuman primates, retention of an acquired sequence or discrimination in rats decreased as the efficacy as a positive modulator increased.
Similar to a finding by Hoffmann and Matthews (2001) showing that disruptions in learning were not necessary to produce disruptions in retention, the present data indicated that ethanol more potently disrupted the retention of an acquired sequence than the acquisition of a sequence (an effect similar to flunitrazepam); however, additional data would be required to directly address the question of whether or not the disruptive effects of ethanol on retention are also mediated by positive modulation of GABA A receptors. This is because the behavioral effects of ethanol have been shown to be mediated by multiple receptor systems and both positive GABA A modulators and NMDA receptor antagonists have been shown to disrupt sequence-retention procedures.
For example, in one of the first studies utilizing a sequence-retention procedure, Thompson et al. (1986) showed that the noncompetitive NMDA receptor antagonist phencyclidine produced both dose-dependent and delay-dependent disruptions of retention in patas monkeys. Given that ethanol has been shown to produce behavioral effects that are mediated by both the GABA A receptors and NMDA receptors, there is no way to determine which receptor (or combination of receptors)
might have mediated its effects on retention in this study. Currently, some of the most convincing evidence for the involvement of GABA A receptors in the behavioral effects of ethanol at the doses tested in this study come from drug-discrimination studies such as the one by Grant and Colombo (1993) , who found that the discriminative stimulus effects of NMDA receptor antagonists in rats were more similar to ethanol when doses of 1.5 g/kg or higher were used as the training dose. In this study, the effects of ethanol on retention occurred at doses as low as 0.5 g/kg.
In summary, the data from this study show that drugs with differing capacities for altering the function of GABA A receptors differ substantially in their capacity and potency to disrupt the acquisition and retention of response sequences, and that positive allosteric modulation of this receptor complex may be more predictive of disruptions in memory than disruptions in learning. These results also provide additional evidence of the capacity of positive GABA A modulators to produce some degree of retrograde amnesia as well as anterograde amnesia, because drug administration occurred after sequence acquisition in the retention procedure. Given the benzodiazepines' capacity for producing frank anterograde amnesia (cf. Lister, 1985; Weingartner, 1985) , only a few studies have focused on their retrograde amnestic effects in animals and humans. In addition, the results from these studies have not always been in agreement. For example, similar to this study, Auta et al. (1995) showed retrograde amnestic effects after triazolam administration in patas monkeys responding under a similar retention procedure. Ott et al. (1988) , however, reported that the benzodiazepines, lormetazepam and flunitrazepam, produced 'promnesic' effects rather than retrograde amnestic effects in a between-group design, because the information presented before drug administration was recalled to a greater extent than information presented before placebo administration. The suggestion by Ott et al. (1988) and others (cf. Lister, 1985) since that time has been that improved retention of any information obtained before drug administration might occur because there is no interference from the information obtained after drug administration due to the anterograde amnestic effects of the benzodiazepines. To what extent the differing results between these studies can be attributed to the specific variables that can influence retention (e.g. the drug, the type of memory, the type of information, and its encoding) needs to be examined further. Certainly, there is also the possibility that positive GABA A modulators can affect other memory processes such as consolidation and retrieval, but the data to support these possibilities are also quite limited.
